
Synthesis and Redox Activity of “Clicked” Triazolylbiferrocenyl
Polymers, Network Encapsulation of Gold and Silver Nanoparticles
and Anion Sensing
Amalia Rapakousiou,† Christophe Deraedt,† Joseba Irigoyen,‡ Yanlan Wang,† Noel̈ Pinaud,†

Lionel Salmon,§ Jaime Ruiz,† Sergio Moya,‡ and Didier Astruc*,†

†ISM, UMR CNRS No. 5255, Universite ́ de Bordeaux, 33405 Talence Cedex, France
‡CIC biomaGUNE, Unidad Biosuperficies, Paseo Miramoń 182, Edif. “C”, 20009 Donostia-San Sebastiań, Spain
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ABSTRACT: The design of redox-robust polymers is called for in view of
interactions with nanoparticles and surfaces toward applications in nanonetwork
design, sensing, and catalysis. Redox-robust triazolylbiferrocenyl (trzBiFc) polymers
have been synthesized with the organometallic group in the side chain by ring-
opening metathesis polymerization using Grubbs-III catalyst or radical polymer-
ization and with the organometallic group in the main chain by Cu(I) azide alkyne
cycloaddition (CuAAC) catalyzed by [Cu(I)(hexabenzyltren)]Br. Oxidation of the
trzBiFc polymers with ferricenium hexafluorophosphate yields the stable 35-
electron class-II mixed-valent biferrocenium polymer. Oxidation of these polymers
with AuIII or AgI gives nanosnake-shaped networks (observed by transmission
electron microscopy and atomic force microscopy) of this mixed-valent FeIIFeIII

polymer with encapsulated metal nanoparticles (NPs) when the organoiron group is located on the side chain. The factors that
are suggested to be synergistically responsible for the NP stabilization and network formation are the polymer bulk, the trz
coordination, the nearby cationic charge of trzBiFc, and the inter-BiFc distance. For instance, reduction of such an oxidized
trzBiFc-AuNP polymer to the neutral trzBiFc-AuNP polymer with NaBH4 destroys the network, and the product flocculates. The
polymers easily provide modified electrodes that sense, via the oxidized FeIIFeIII and FeIIIFeIII polymer states, respectively, ATP2−

via the outer ferrocenyl units of the polymer and PdII via the inner Fc units; this recognition works well in dichloromethane, but
also to a lesser extent in water with NaCl as the electrolyte.

■ INTRODUCTION

Ferrocene1 and related iron sandwich complexes2 have long
been shown to possess excellent redox stabilities3 that have
allowed the development of properties and applications in
electrochemistry,4 catalysis,5 nanomedicine,6 and sensing.7

Consequently, metallocene-containing polymers have attracted
considerable related attention in materials science.8 Most of
these nanomaterials involve the ferrocene (Fc) prototype; in
particular, ring-opening of ferrocenophane monomers directly
leads to the synthesis of Fc polymers and herewith to the
controlled design of mono- and bidimentional nanomaterials.9

Despite the well-known stability of the d5 17-electron
ferricenium cation,1 many ferricenium compounds are fragile
and air-sensitive in organic solutions.10 Therefore, we have
investigated the synthesis of metallopolymers based on the
biferrocene (BiFc) unit11 because the stereoelectronic stabiliza-
tion of the mixed valency in cationic biferrocenium derivatives
leads to much more robust nanomaterials than with single
ferricenium groups. BiFc redox chemistry includes three easily
accessible oxidation states, and the biferrocenium cation
belongs to class II of the Robin and Day classification with
valence localization at the infrared time scale.12 BiFc has been

incorporated into nanosystems such as gold nanoparticles
(AuNPs) for electrodeposition13 and dendrimers for “molecular
printboards,”14 fabrication of molecular junctions15 and further
studies of their redox properties.16 However, the multielectron
properties of BiFc polymers17 have not yet been much studied,
and the remarkable availability and stability of biferrocenium
polymers allow the design of useful redox reactions starting
from BiFc polymers and leading to original nanomaterials and
their networks.
A breakthrough in the monofunctionalization of BiFc was the

synthesis of ethynylbiferrocene allowing the easy incorporation
of BiFc moieties into dendrimers and gold nanoparticles by
Sonogashira, homocoupling or “click” reactions.18 The latter
reaction introduces the 1,2,3-triazolyl (trz) group that is very
useful for various applications including redox recognition,
coordination to transition-metal cations, and stabilization of
AuNPs and PdNPs for catalysis,19 is biocompatible.20 Indeed,
triazolylbiferrocenyl (trzBiFc) dendrimers proved to be
excellent selective exoreceptors in the homogeneous phase, as

Received: December 5, 2014
Published: February 13, 2015

Article

pubs.acs.org/IC

© 2015 American Chemical Society 2284 DOI: 10.1021/ic5028916
Inorg. Chem. 2015, 54, 2284−2299

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/IC
http://dx.doi.org/10.1021/ic5028916
http://pubs.acs.org/page/policy/editorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


the outer Fc moiety could recognize oxo-anions, whereas the
inner Fc recognized transition-metal cations.18b,c However,
these molecular tools should be immobilized onto solid surfaces
in order to be incorporated in electrochemical sensing devices.
Following this strategy we envisaged extending the “click” BiFc
functionalization to polymers by preparing easily accessible
trzBiFc polymers and copolymers with polyethylene glycol
chains as co-units using ring-opening metathesis polymerization
(ROMP), copper-catalyzed azide alkyne cycloaddition
(CuAAC, “click”) polycondensation and free-radical polymer-
ization.21 The full characterization of these metallopolymers by
1H, 13C, HSQC, HMBC, COSY and NOESY, DOSY NMR
spectroscopy is shown here including infrared, UV−vis,
dynamic light scattering (DLS), size exclusion chromatography
(SEC), matrix assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry, and cyclic voltammetry
(CV). Oxidation of the metallopolymers using HAuCl4 leads to
mixed-valent trz-biferrocenium polymers that encapsulate
AuNPs and AgNPs in snake-shaped networks, as shown by
transmission electron microscopy (TEM), atomic force
microscopy (AFM), UV−vis, DLS, IR, near-IR and CV. The
new trzBiFc-terminated metallopolymers were used to
derivatize Pt electrodes for redox recognition of ATP2− and
Pd2+ in organic and aqueous media.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of triazolylBiFc Poly-

mers 9, 10, 14, 18, and 19. Synthesis of Ethynylbiferrocene
3. Ethynylbiferrocene 3 was synthesized in two steps from
BiFc,22 1. (Scheme 1). The first step is the synthesis of

acetylbiferrocene 2 that consists of a Friedel−Crafts acetylation
of BiFc and is based on the work by Doisneau et al. that was
reported in 1992.23 Ethynylbiferrocene18e 3 was subsequently
prepared in a reaction similar to that used for the synthesis of
ethynylferrocene24 between acetylbiferrocene and lithiumdiiso-
propylamide (LDA)/diethylchlorophosphate followed by col-
umn chromatography with pentane as eluent. This provided 3
as an orange crystalline powder in a 50% overall yield from
BiFc.

Synthesis of the trzBiFc-Functionalized Norbornene
Monomer 7. Commercial cis-5-norbornene-exo-2,3-dicarboxylic
anhydride reacts at 110 °C with 4-aminobutanol to give the 4-
hydroxylbutyl-cis-5-norbornene-exo-2,3-dicarboximide in quan-
titative yield.25 Then under basic conditions the nucleophilic
substitution of 4 by TsCl (Ts = tosyl) gives 5, and nucleophilic
substitution of tosyl by azide yields the azidonorbornene
monomer 6. Then CuAAC reaction between ethynylbiferro-
cene and monomer 6 catalyzed by Cu(I) leads to the trz-BiFc-
functionalized norbornene monomer 7 in 97% yield (Scheme
2). After purification, compounds 5, 6, and 7 are identified and
characterized by 1H and 13C NMR and IR spectroscopy,
electrospray ionization mass spectrometry (ESI MS), UV−vis,
elemental analysis, and CV. The 1H NMR spectrum of 5 shows
the appearance of the four tosylate protons at 7.74 and 7.31
ppm and the −CH2OTs protons at 3.97 ppm, whereas in
compound 6 the four protons of the tosylate groups are no
longer observed, and the new −CH2N3 peak appears at 3.47
ppm. The appearance of a strong absorption band at 2097 cm−1

is observed in the IR spectrum corresponding to the −N3
group. After the “click” reaction, the triazolyl proton appears at

Scheme 1. Synthesis of Ethynylbiferrocene 3

Scheme 2. Synthesis of the trz-BiFc-Functionalized Norbornene Monomer 7
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7.03 ppm, and the −CH2trz peak is deshielded at 4.50 ppm
because of the electron-withdrawing property of the trz group.
The −N3 absorption band in the IR is no longer observed,
indicating the disappearance of the starting material 6. The
UV−vis spectrum recorded in dichloromethane (DCM) shows
a strong absorption at λmax = 450 nm (Supporting Information,
S20) due to the d−d* transitions of BiFc. Finally, ESI MS and
elemental analysis confirm the molecular structure of 7.
Ring-Opening-Metathesis Polymerization of the Norbor-

nene Functionalized with a trzBiFc Group. The polymer-
ization of the trzBiFc-substituted norbornene monomer 7
(Scheme 3) proceeds in distilled DCM in the presence of the
third-generation of Grubbs’ Ru metathesis catalyst (called
Grubbs III, 8,26 Figure 1) at r.t. in 5 h.

Then excess ethyl vinyl ether is added to quench the
reaction. The use of monomer/catalyst ratios of 30 and 60
respectively gives polymers 9 and 10 in 98% and 99% yield, as
bright orange crystalline solids (Scheme 3). Various concen-
trations of the monomer are examined for the ROMP
polymerization of monomer 7, and the optimal conditions
(highest conversion in a shorter time) are achieved when the
concentration of monomer 7 is ≥0.25 M.

1H NMR is a key tool to check whether the polymerization is
finished. Indeed the olefinic protons that are found at 6.3 ppm
in monomer 7 are now displaced to the region of 5.5−5.8 ppm
after polymerization. The bulky nature of the trzBiFc group is
also shown by 1H NMR for polymers 9 and 10. The trz proton
that is represented by a single peak in monomer 7 is split into a
doublet due to two distinct sterically hindered conformations of
the BiFc units composing polymers 9 and 10. For instance, in
HSQC 2D NMR for polymer 9 both trz proton peaks

correspond to the single −CH carbon peak of trz at 119.85
ppm, and in HMBC 2D NMR they both correspond to the
−Cq of trz at 145.31 ppm. Interestingly, NOESY 2D NMR
shows that only one of the two peaks representing the trz
proton is correlated to the substituted protons of the BiFc
group. The protons of the alkyl chain and the −CH2CH of the
NBR part indicate that some trz units are spatially close to the
polymeric chain, whereas others are not spatially constrained.
Last, the phenyl group of the catalyst is located at the end of
the polymer chain after polymerization. This phenyl group is
found in the area of 7.20−7.40 ppm that is merged with that of
the trz proton. However, extracting the assignment of this area
(7.1−7.4 ppm) allows the rough estimation of the number of
units of polymers 9 and 10 by end-group analysis that is in
accordance with the theoretical values (30 and 60 units
respectively) (Supporting Information, S22 and S35). The IR
spectrum shows the characteristic band of the CO stretching
that is found at 1698 cm−1. Additionally, a strong absorption
band is found at 816 cm−1 that is a characteristic frequency of
the C−H out-of-plane bending vibration of ferrocene. Finally,
the absorption due to the C−H stretching of the trz and the
Cp groups of the trzBiFc units is found at around 3090 cm−1.

Synthesis of the trzBiFc Polystyrene 14 . Poly-
(biferrocenylmethylstyrene) 14 is synthesized in an easy
t h r e e - s t e p r e a c t i on (Sch eme 4) . F i r s t , p o l y -
(chloromethylstyrene) polymer 11 is prepared by free-radical
polymerization of commercial chloromethylstyrene using 0.5%
of AIBN as the initiator (Scheme 4), a reaction that takes place
in toluene at 80 °C. Nucleophilic substitution of the chloro
groups using sodium azide yields 85% of the azido-polymer
12.27

The two polymer precursors 11 and 12 are analyzed by SEC
which shows the molecular weight distribution curve of 11 with
a polydispersity index (PDI) = 1.40 and 12 with PDI = 1.25.
The polydispersity is easily improved from 11 to 12 after the
azidation reaction by precipitation of 12 in MeOH twice.
Molecular weight data using polystyrene as the standard
reference show that polymer 12 consists of 31 units. The IR
spectrum (KBr) shows a strong band at 2097 cm−1 attributed
to the −N3 absorption of 12.
The third step of the synthesis of polymer 14 is the CuAAC

functionalization of the poly(azidomethylstyrene) polymer with
multiple trzBiFc units. The most common CuI catalyst used for
this reaction is copper sulfate that is reduced in situ by sodium

Scheme 3. ROMP Reaction of the trzBiFc Norbornene Monomer 7

Figure 1. (a) Third generation Ru metathesis catalyst, Grubbs III (8)
(b) CuACC catalyst copper [CuItren(CH2Ph)6][Br] (13).
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ascorbate from CuII to CuI.28 However, it is unsuitable for
macromolecules with multiple azide groups such as dendrimers,
polymers, or nanoparticles, leading to lower reaction rates and
lower yields, and other catalysts are envisaged.29 Additionally
stoichiometric amounts of the “catalyst” CuSO4·5H2O are
required, with difficulties for the separation of the remaining
catalyst that remains trapped inside the macromolecule at the
multiple trz units.30 Recently the CuAAC catalyst [Cu(I)-
(hexabenzyl)tren]Br 13 (Figure 1b) was reported with
excellent efficiency, including for synthesis of dendrimers31

and gold nanoparticles.32

Consequently, polymer 14 is successfully synthesized by
CuAAC reaction between ethynylbiferrocene 3 and the azido
polymer 12 using 15% of catalyst 13. The reaction occurs at 60
°C under nitrogen in toluene in which the precursors 3 and 12
as well as the catalyst 13 are very soluble. After 16 h, the
polymer 14 is formed in 97% yield as an orange precipitate
allowing its easy separation from the catalyst 13 that remains in
toluene solution. The IR characteristic absorption of the azido
groups in the region of 2094 cm−1 of poly-azido precursor 12
disappears completely at the end of the reaction, confirming
that all the azido groups are replaced by trz groups. NMR

Scheme 4. Synthesis of the Poly(trz-BiFc-methylstyrene) 14

Scheme 5. Synthesis of the Poly-trzBiFc-PEG Polymers 18 and 19
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spectroscopy confirms the structure of the poly-trzBiFc
polymer 14. Specifically, the formation of the trz unit is
shown in the 1H NMR spectrum by the appearance of the
proton peaks at 7.68 ppm corresponding to the proton of the
trz unit. The CH2-N3 protons for precursor 12 at 4.25 ppm are
replaced by the CH2-trz at 5.41 ppm. The other characteristic
peaks of the polymer 14 are also observed, and the correct ratio
between polymer/BiFc protons finally confirms the structure of
compound 14. Last, 13C NMR shows the characteristic peaks of
Cq, CH of trz, and CH2-trz of the polymer 14.
Synthesis of Triazolyl-biferrocenyl-PEG Copolymers 18

and 19.17c The copolymers containing both biferrocene and
PEG units are synthesized by “click” CuAAC polycondensation
reactions (Scheme 5).
The CuAAC reactions take place between the bis-azido-PEG

derivatives 15 and 16 that contain 7−8 and 21−22 ethylene
glycol units respectively and bis-ethynyl-BiFc33 in a mixture of
THF/H2O, at 40 °C for 2 days. The use of the Sharpless-Fokin
catalyst CuSO4·5H2O + Na ascorbate leads to the polymers 18
and 19 in 78% and 58% yield, respectively. Both polymers were
purified by precipitation in diethyl ether twice. The
introduction of several PEG units in polymeric materials is of
interest for biocompatibility, water-solubility, and enhanced
permeation and retention (EPR).34 Polymer 18 containing
PEG units of molecular weight 400 Da presents solubility
properties that are similar to those of the homopolymers 9, 10,
and 14, whereas polymer 19 containing PEG units of molecular
weight 1000 is also soluble in very polar solvents including
water. The 1H NMR and 13C NMR spectra confirm the
structures of the copolymers 18 and 19, whereas IR
spectroscopy indicates the absence of trace of azide or alkyne
groups, suggesting that these polymers consist of several units
without the possibility to observe the end groups.
The HSQC, HMBC, and COSY NMR spectra helped to

make the correct assignments of proton and carbon signals for
all the series of trzBiFc polymers 9, 10, 14, 18, and 19. The
objective of DOSY NMR is double: measure the hydrodynamic
diameter of the polymers in solution and obtain a DOSY
spectrum that reflects the purity of the polymers. The DOSY
NMR spectra of the polymers 9, 10, 14, 18, and 19 are
obtained as well as their diffusion coefficient (Supporting
Information). The higher the molecular weight of the polymer,
the smaller the diffusion coefficient and the larger the
hydrodynamic diameter; the latter is calculated using the
Stokes−Einstein equation D = KBT/6πηrH. The largest rH
value, 13.1 ± 1.0 nm, is calculated for the copolymer 19,
whereas the smallest rH value, 1.5 ± 0.5 nm, is calculated for the
polymer 9. Finally, DLS also gives access to the hydrodynamic
diameter of the polymers 9, 10, and 14 that are d1 = 14.3 ± 3
nm, d2 = 36.9 ± 7 nm, and d3 = 11.9 ± 2 nm, respectively.
The MALDI-TOF mass spectra of the polymers 9 and 14

show well-defined individual peaks for polymers fragments that
are separated by 654 ± 1 Da (polymer 9) and 553 ± 2 Da
(polymer 14) corresponding to the mass of a single unit of the
corresponding polymers. The the most intense molecular peak,
13990.1 Da, obtained for polymer 14, corresponds to a polymer
fraction of 25 trzBiFc units. The intensities of the peaks,
separated by 654 ± 1 Da (polymer 9) or 553 ± 2 Da (polymer
14), progressively decrease and vanish toward higher molecular
masses. The same phenomenon is observed for the copolymer
18, where the repetition of peaks for polymer fragments are
separated by approximately 800 ± 50 Da, as it is known that
PEG400 (part of precursor 15) is an average number of several

lengths of PEG fragments. These MALDI-TOF mass spectra
clearly show the structure and motifs of polymers 9, 14, and 18.
All the polymers were also characterized by UV−vis. spectra

in which a strong absorption band is observed in the visible
region peaking at 450−451 nm due to the d−d* transitions of
BiFc and is typical of BiFc compounds.35 The molar extinction
coefficients ε of all polymers are calculated from Lambert’s-
Beer law A = εbc (Table 2).
SEC of the trzBiFc polymers 9, 10, 14, 18, and 19 provides

PDI = 1.21−1.27, the smallest PDI value being observed for the
ROMP polymers 9 and 10 as expected. The Mw values that are
obtained from SEC in all cases indicate polymers that are not in
accord with the expected molecular weights, having fewer
trzBiFc units. It is possible that these polymers interact with the
column phase inducing a longer retention time and a smaller
molecular weight. The calculated molecular weights are
discussed below and gathered in Table 2.
CV usually provides information on the ligand electronic

effect;36 here it is used for polymers 9, 10, 14, 18, and 19 with
decamethylferrocene, FeCp*2 (Cp* = η5-C5Me5), as the
internal reference37 in order to examine the thermodynamics
and kinetics of the heterogeneous electron-transfer processes,
the stability of the oxidized states and finally estimate the
number of monomer units in the polymers. The CVs are
recorded in CH2Cl2, a good solubility being accessible with this
solvent for all polymers, on a Pt electrode, using 0.1 M
[nBu4N][PF6] as the supporting electrolyte. All polymers show
two reversible waves vs FeCp*2. The first oxidation wave of
polymers 9, 10, 14, 18, and 19 corresponds to the oxidation of
the first Fc center to the mixed-valent 35-electron complex
FeIIFeIII biferrocenium, and the second wave corresponds to the
oxidation of the second Fc center to the 34-electron FeIIIFeIII

biferricenium species.
The BiFc groups of the trz-BiFc polymers give two single

waves, which indicates that there is no interaction between
different BiFc units; this is explained by the weakness of the
electrostatic factor between the redox sites of the trzBiFc
polymers because these redox centers are far from one another,
being separated by many bonds.38

The electrochemical reversibility of the CV waves of all the
redox groups signifying fast electron transfer between these
redox groups and the electrode is due to very fast access of
these groups to the electrode within the electrochemical time
scale, all the redox groups coming in turn close to the
electrode,39 and/or the electron-hopping mechanism.40

For polymers 9, 10, and 14 containing side BiFc chains the
first oxidation wave is assigned to the outer Fc groups that are
easier to oxidize than the inner ones, as they bear only the
electron-releasing inner Fc groups, whereas the second
oxidation wave is assigned to the inner Fc groups that bear
the electron-withdrawing trz substituents (Table 1).
Adsorption during CV that is common for redox-active

macromolecules41 is observed for all polymers studied here.
The Δ(Epc − Epa) value is <59 mV, signifying partial adsorption
on the electrode surface. In Figure 2a,b the CVs of monomer 7
and polymer 9 are shown where the adsorption is clear in
polymer 9 even from the first scan, whereas as expected it is not
observed for monomer 7. This facile adsorption favors the easy
fabrication of metallopolymer-modified electrodes. In Figure 2c,
progressive adsorption on the Pt-electrode of polymer 9 is
demonstrated after approximately 20 scans around the potential
region of the BiFc CV waves. The same phenomenon is
observed for all polymers, except for polymer 19 probably due
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to the long PEG units that increase the solubility. This
adsorption phenomenon for polymers 9, 10, and 18 progresses
until 27 ± 4 scans, and then a decay of the CV waves
progressively takes place presumably due to a structural
rearrangement of the polymers on the electrode surface.
Surprisingly this is not the case for polymer 14 where the
adsorption phenomenon continues until at least 60 scans
without any structural rearrangement on the surface of the
electrode, which makes polymer 14 an ideal candidate for the
fabrication of modified electrodes.
Molecular Weights of Polymers 9, 10, 14, 18, and 19.

Different techniques are used for the calculation of the
molecular weights of the trzBiFc polymers. For the polymers
9 and 10 that are synthesized by ROMP the end-group (1H
NMR) analysis allows the approximate determination of the
number of units in these polymers and consequently their
molecular weight (Table 2). For polymer 9 the molecular
weight determined by this method is Mn = 22 000 g/mol,
whereas for the larger polymer 10 the calculated molecular
weight is Mn = 36000 g/mol. For both polymers the calculated
molecular weights are close to the theoretical ones determined
by the monomer/catalyst molar ratio. SEC analysis (vs.
polystyrene reference) of the precursor polystyrene polymer
12 is a more viable method to determine the total number of

units, giving a molecular weight of 4938 g/mol corresponding
to 31 units. As the CuAAC reaction of precursor 12 with
compound 3 is complete (no −N3 absorption in the IR after
the reaction) and the PDIs of 12 and 14 are the same, the
number of trzBiFc units in this case remains the same as the
number of azido groups in polymer 12.
CV also is a valuable tool for the estimation of the number of

units in the trzBFc polymers 9, 10, 14, 18, and 19. The total
number of electrons transferred in the oxidation wave for the
polymer (ne) can be estimated from the limiting currents and
approximate relative values of the diffusion coefficients of the
monomer (Dm) and the polymer (Dp):

=D D M M/ ( / )p m m p
0.55

(1)

Since the oxidation of each redox moiety is a one-electron
reaction (FeII → FeIII), the value of ne can be estimated by
employing Bard’s equation previously derived for conventional
polarography:41,42

=n i C i C M M( / )/( / )( / ) (ref 42)e dp p dm m p m
0.275

(2)

Consequently comparison with the internal reference FeCp*2
provides a good estimation of the number of electrons np
involved in the FeII/III redox process as a function of the
monomer and polymer intensities (i), concentrations (c), and
molecular weights (M). Measurement of the respective
intensities for the reference FeCp*2 and the first anodic wave
(see Supporting Information for the CVs with FeCp*2 as the
reference) led to the data of ne for the polymers 9, 10, 14, 18,
and 19. The ne values of polymers 9, 10, and 14 are slightly
superior to the theoretical number of polymeric units, probably
due to their slight adsorption on the Pt electrode starting even
from the first scan around the BiFc potentials. For copolymers
18 and 19, the molecular weight was calculated only by this
electrochemical method by both eqs 1 and 2 by using the
diffusion coefficients of the monometallic reference FeCp*2 and
polymers 18 and 19.
UV−vis spectroscopy was used to confirm the number of

units in the polymers in all cases. The Lambert−Beer law A =
εbc was used to determine the actual total number of
metallocene (BiFc) groups in polymers 9, 10, and 14. The
UV−vis spectra of the polymers present an absorption band at

Table 1. Redox Potentials and Chemical (ic/ia) and
Electrochemical (Epa − Epc = ΔE) Reversibility Data for
Monomers 3, 7, and 17 and for Polymers 9, 10, 14, 18, and
19a

compound E1/2 (V)
b ΔE (mV)b ic/ia

b E1/2 (V)
c ΔE (mV)c ic/ia

c

3 0.48 59 1.0 0.93 56 1
7 0.43 50 1.1 0.79 40 0.8
9 0.42 15 1.1 0.76 20 1.4
10 0.42 30 1.8 0.74 20 1.3
14 0.41 10 1.7 0.72 15 1.5
17 0.58 60 1.1 0.93 55 1.0
18 0.44 55 1.4 0.79 40 1.5
19 0.42 35 1.3 0.80 45 1.0

aSupporting electrolyte: [n-Bu4N][PF6] 0.1 M; solvent: dry CH2Cl2;
working and counter electrodes: Pt; reference electrode: Ag; internal
reference: FeCp*2; scan rate: 0.200 V.s−1. bData obtained for the first
wave (FeII/III). cData obtained for the second wave (FeII/III).

Figure 2. CVs of (a) monomer 7, (b) polymer 9, and (c) progressive
adsorption of polymer 9 onto a Pt electrode upon 20 scans around the
BiFc potentials. Solvent: DCM; reference electrode: Ag; working and
counter electrodes: Pt; scan rate: 0.2 V/s; supporting electrolyte: 0.1
M [n-Bu4N][PF6]. The wave at 0.0 V belongs to the internal reference
FeCp*2.

Table 2. Sizes of the Polymers 9, 10, 14, 18, 19 (Number of
Molecular Units) Obtained from End-Group Analysis, CV
Analyses and UV-vis Spectroscopy

compound conversion (%) nt
a/np

c ne
d nm

f

Mono 7 1
Poly 9 98 30/33 ± 4 32 ± 3 33 ± 4
Poly 10 99 60/55 ± 7 66 ± 6 53 ± 7
Poly 14 97 31b/− 36 ± 4 29 ± 3
Poly 18 78 151 ± 23e g
Poly 19 58 62 ± 12e g

aTheoretical number of branches corresponding to [M]/[C] molar
ratio. bObtained from the SEC analysis of the organic precursor 12
(using polystyrene as standard). cValues obtained by 1H NMR end-
group analysis in CD2Cl2, at 25 °C.

dNumber of electrons obtained by
CV from eq 2. eMolecular weight of polymers 18 and 19 were
calculated by eq 1 upon using the diffusion coefficients obtained from
DOSY NMR analysis. fNumber of metallocene units obtained by UV−
vis. spectroscopy using equation: nm = ε/εo.

gThe equation nm= ε/εo is
not adequate for polymers 18 and 19 because of the existence of the
PEG units.
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450 nm due to the d−d* transitions of BiFc. The number of
BiFc termini in each polymer is estimated by comparing the
molar extinction coefficient (ε) of the polymers with that of the
corresponding monomer (ε0).

43 The mono-trzBiFc monomer 7
was used for this comparison. The number of metallocenes
found in each polymer (9, 10, 14) confirms the molecular
weights calculated with the other methods.
Reaction of Polymers with AuIII: Formation of Mixed-

Valent Polymers and Stabilization of Encapsulated Gold
Nanoparticles by Snake-Shaped Nanonetworks. The
BiFc polymers are stoichiometrically oxidized by 1 equiv of
ferricenium tetrafluoroborate per BiFc unit to robust cationic
mixed-valent biferrocenium43 polymers 18a and 19a that are
characterized by UV−vis, FT-IR, near-IR, and Mössbauer
spectroscopy. The IR spectra of 18a and 19a show both νFc and
νFc

+ at 818 and 833 cm−1 indicating that the mixed-valent
polymers 18a and 19a are localized on the time scale of the
molecular vibrations. These two mixed-valent polymers present
a band in the near-IR region (at λmax = 1954 and λmax = 1921
nm) indicating that they belong to class II of mixed-valent
compounds in the Robin-Day’s classification. Mössbauer
spectroscopy finally confirms that these two polyelectrolytes
18a and 19a are localized class-II mixed-valent complexes.17c

The reducing power of the BiFc polymers and the stability of
cationic biferrocenium polymers 9, 10, and 14 are attractive in
view of AuIII reduction to Au0 nanoparticles (AuNPs)45 that are
stabilized in the biferrocenium polymer frameworks.21,44

Consequently, HAuCl4 is chosen as the oxidant of the outer

Fc groups of the trz-BiFc polymers, the reaction being
described by eq 3 with the successful stabilization of AuNPs:

+ →+ − + − + −3Fe Fe H Au Cl 3[Fe Fe ] Cl , Au , H ClII II III
4

II III 0

(3)

The reactions proceed in a DCM/methanol medium
(Scheme 6). The polymer reductant is added dropwise into
the HAuCl4 methanol solution, and the color immediately turns
from orange-yellow to green suggesting the formation of the
mixed-valent polymers 9a, 10a, 14a. The factors that provide
AuNP stabilization are mild ligands (trz) at the AuNP surface,
electrostatic (chloride counteranions and biferrocenium cati-
ons), and steric (bulky biferrocenium units and the polymer
frameworks). Surprisingly, a one-week incubation time of the
AuNPs stabilized by the mixed-valent biferrocenium polymers
progressively leads to the formation of polymer vermicular that
encapsulate AuNPs in 9b, 10b, and 14b (Scheme 6).
These peculiar AuNP-encapsulating vermicular networks are

clearly seen by TEM analysis (Figure 3, polymer 14). The
average diameter of these AuNSs-14b is d = 14.5 ± 1.5 nm, and
the calculated distribution of the sizes is shown in Figure 3c.
The inter-nanoparticle distance stabilized in the several
vermiculars is r = 13.5 ± 1.5 nm (for statistical distribution
see Supporting Information). In the red caption of Figure 3a
(zoom), an isolated polymer vermicular (AuNS) is shown
(length: 269 ± 10 nm; thickness: 8.5 ± 2 nm containing 14
AuNPs). UV−vis spectroscopy characterizes the AuNPs with
the classic plasmon band absorption at 531 nm.

Scheme 6. Synthesis of Gold Vermicular AuNSs from Polymers 9, 10, and 14a

aPhotograph: isolated vermicular from the TEM analysis of AuNSs-14b.

Figure 3. (a) TEM analysis of mixed-valent biferrocenium polymer-stabilized AuNSs-14b at 0.5 μm; (b) size distribution of the AuNPs.
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Incubation for 1 week of AuNPs-9a and AuNPs-10a also
leads to AuNSs-9b and AuNSs-10b. TEM analysis of AuNSs-
9b shows AuNPs of 10.5 ± 1.5 nm (Supporting Information)
and TEM analysis of AuNSs-10b shows AuNPs of 13.5 ± 1.5
nm (Supporting Information). An isolated vermicular of
AuNSs-10b presents a thickness of 8.7 ± 1.5 nm and a length
of 210 ± 15 nm and encapsulates 11 spherical AuNPs with an
inter-nanoparticle distance of 5.2 ± 1.5 nm.
AFM studies were performed on a graphite surface upon

peak force tapping. The topography images of polymer 10
show that polymer 10 has an average height of 7 ± 1.5 nm on
the graphite surface (Figure 4a). However, the situation
changes in the case of AuNSs-10b. Long nanosnakes
assemblies are observed on the order of 200−300 nm, with a
height between 18 and 35 nm (Figure 4b). Peak force tapping

mode also permits extraction of qualitative nanomechanical
properties. Adhesion of 10b is mapped and the force curves are
recorded. In Figure 4c,d adhesion images recorded at 2 μm and
a zoom at one of the nanosnakes at 270 nm respectively
provide information on the nature of the nanomaterials. Under
the same experimental conditions, in all cases three different
force curves are observed corresponding to three different
regions. For instance, in Figure 4d, regions A, B, and C give
different force curves. Larger adhesion forces are observed in
region C (white color) corresponding to an elastic and flexible
material that is the organic polymer part. Then, zone A, with
the smaller adhesion forces (black color), belongs to a stiffer
part of the nanomaterial that corresponds to the AuNPs, and
last zone B (brown color) surrounding regions A presents

Figure 4. (a) AFM topography image (2 μm scale) of 10, (b) AFM topography image (270 nm scale) of AuNSs-10b, (c) AFM adhesion image (2
μm scale) of AuNSs-10b, and (d) AFM adhesion image (270 nm scale) of AuNSs-10b where three different regions A, B, and C are represented
corresponding to three different force curves (Supporting Information).

Figure 5. (a) TEM of AuNPs-14c and (b) UV−vis spectrum of 14c (blue line). The violet line corresponds to the UV−vis spectrum after 5 min,
and the red line is recorded after shaking of the sample. The photograph shows the flocculated AuNPs and their redissolution by shaking.

Inorganic Chemistry Article

DOI: 10.1021/ic5028916
Inorg. Chem. 2015, 54, 2284−2299

2291

http://dx.doi.org/10.1021/ic5028916


intermediate force curves due to the electrostatic forces of the
trz-BiFc+Cl− units surrounding the AuNPs.
Even if the polymer structure and length differ, the type of

AuNSs is similar in all cases where the trzBiFc units are in the
side polymer chain. The role of the incubation time is then
examined. TEM analyses of AuNSs-10b after 1 and 3 days
confirm the need for a 1 week incubation time for the
completed formation of these nanostructures. After 1 day,
round AuNPs of the same size (13.5 ± 1.5 nm) are formed,
whereas after 3 days the reassociation of these nanoparticles is
observed even though the nanosnake structure is not yet
formed. However, after 1 week of incubation, the association of
the polymer-stabilized AuNPs is completed, forming nano-
snakes as observed by TEM and AFM microscopies.
Additionally, as expected the role of the polymer/HAuCl4

stoichiometry is crucial. Indeed, for instance upon adding one
more equivalent of polymer 10 to HAuCl4 under the same
conditions, stable AuNPs of the same size are observed, but
after 1 week the formation of nanosnakes does not occur.
In an effort to further confirm the crucial role of the

electrostatic interactions of the BiFc+ cations in the formation
of the snake-shaped networks and stabilization of AuNPs
AuNSs-14b was reduced by NaBH4 in DCM/methanol
solution. The result is that neutral trzBiFc-stabilized AuNPs-
14c presents a flocculation phenomenon after 10 min that is
taken into account by the absence of electrostatic stabilization.
Shaking of the solution redissolves the AuNPs-14c, however,
and the flocculation phenomenon is fully reversible. The UV−
vis spectrum shows the presence of a small shoulder at 450 nm
belonging to the trzBiFc and the plasmon band at 539 nm.
TEM clearly shows the destruction of the snake-shaped
network, whereas the AuNPs remain of the same size (d =
13.5 ± 1.5 nm) (Figure 5).
Besides TEM and UV−vis analysis the AuNSs-9b, AuNSs-

10b, and AuNSs-14b are also characterized by IR, near-IR, and
CV. IR spectroscopy is an excellent tool to determine whether a
mixed-valent complex is electron delocalized or not in the time
scale of molecular vibrations. More particularly, the difference
of the perpendicular C−H bending vibration is around 815
cm−1 for ferrocene, whereas for ferricenium salts it is found
around 852 cm−1. For all the AuNSs the IR analysis gives two
distinct bands corresponding to the existence of FeII/FeIII. For
example in the case of polymer 14b, two distinct bands are
observed: one at 844 cm−1 (corresponding to FeIII) and one at
824 cm−1 (corresponding to FeII) showing localized FeII and
FeIII moieties on the IR time scale. The presence of the Fc+

center close to the Fc group increases the frequency of the Fc
side by 9 cm−1, compared to the neutral analogue, polymer 14.
This shift results from the presence of the electron-withdrawing
Fc+ substituent (Figure 6).
In order to distinguish between class-I and class-II electron

localized mixed valency, the use of near-IR spectroscopy is
necessary in order to search the intervalent charge-transfer
band that characterizes the optical transition from the ground
state to the intervalence charge-transfer state of the class-II
mixed-valent compounds. Indeed, the near-IR spectra of all the
AuNSs provide the intervalence band (Supporting Informa-
tion) indicating that the mixed-valent polymers stabilizing the
AuNPs belong to class II of mixed-valent compounds.
CV of these AuNSs show both reversible redox waves of the

BiFc units, confirming the stability of these nanostructures that
also present a strong adsorption phenomenon onto the
electrode surface (Supporting Information). However, when

the same reaction is conducted with polymer 18 in which the
trzBiFc+Cl− units are in main polymer chain, the situation is
different (Scheme 7). AuNPs are formed with 12 ± 1 nm size
for which surprisingly incubation leads to a well-organized
network (AuNN, Figure 7). This is taken into account by the
fact that the larger distance between trz-BiFc+ units induces
much reduced electrostatic repulsion among the cationic
centers that are a key parameter for the nanosnake formation.
A key comparison concerns the possibility of AuNP network

formation in the trz-Fc polymers and the non-trz-Fc polymers.
The reaction of a trz-Fc-containing poly(norbornene) polymer
synthesized by ROMP with HAuCl4 leads to a trz-Fc

+ polymer-
AuNP species that immediately decomposes owing to the
instability of the trz-Fc+ moiety. However, when an amido-Fc
ROMP polymer 2045 reacts with HAuCl4, small AuNPs-20a of
6 ± 1 nm size form, but after 1 week of incubation the TEM
analysis does not show the formation of a network (Figure 8).
The trz together with biferrocenium cations are responsible

for the organization of the nanomaterials in nanosnakes (when
trzBiFc+ are in the side chain) or nanonetworks (when trzBiFc+

are in the main chain).
The method was extended in order to obtain structured silver

nanoparticles (AgNPs). Manners et al. have shown the
reduction of AgI to AgNPs by macromolecules resulting from
ferrocenophane ring-opening polymerization.46 Therefore, we
tested the formation of AgNP networks using trzBiFc polymers
as reductants under the same conditions as AuNSs-14b.
Polymer 14 was used to reduce AgI stoichiometrically (1:1,
trz-BiFc/AgBF4) yielding AgNPs-21a in a one-pot reaction.
The reduction was immediate as witnessed by the color change
from colorless to gray-purple. AgNPs-21a are very stable, and
after a 4-day incubation time TEM analysis revealed the
polymeric vermicular-network formation with a thickness of 36
± 4 nm in which AgNPs of size d = 4 ± 1 nm are encapsulated
(Figure 9). The plasmon band of AgNSs-21b was found at λ =
434 nm indicating the formation of the AgNPs, and the
ferricenium band was recorded at λ = 600 nm.
The smaller size of the AgNPs found into the polymeric

vermicular-shaped network is possibly due to the faster one-

Figure 6. FT-IR (KBr) of (a) mixed-valent biferrocenium-stabilized
AuNSs-14b, 844 cm−1 (νFc+) and 824 cm−1 (νFc), (b) polymer 14,
815 cm−1 (νFc).
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electron reduction of AgI compared to the three-electron
reduction of AuIII under the same conditions. The vermicular-
shaped network is formed in both cases AuNSs-14b and
AgNSs-21b confirming that the synergy between the

biferrocenium cation, trz ligand coordination, the inter BiFc
distance, and the polymer bulk is responsible for this
vermicular-shaped network that encapsulates NPs of metals
such as gold and silver.

Modified Electrodes and Redox Recognition. Mod-
ification of electrodes with polymer films containing reversible
redox systems has been successful resulting in detectable
electroactive materials.47 Modified electrodes of polymers 9, 10,
14, and 18 are prepared via absorption by scanning around the
BiFc potentials. The electrochemical behavior of these Pt-
modified electrodes is first studied in DCM containing only the
supporting electrolyte. Two well-defined, symmetrical redox
waves are observed in all cases, which is characteristic of
surface-confined redox couples, with the expected linear
relationship of peak current with potential sweep rate υ (Figure

Scheme 7. Synthesis of Gold Nano-Networks AuNNs-18b

Figure 7. (a) TEM analysis of AuNNs-18b at 200 nm, (b) UV−vis spectrum of AuNNs-18b peaking at 534 nm (plasmon band).

Figure 8. TEM analysis of 20b at 100 nm.

Figure 9. (a) TEM analysis of AgNSs-21b, (b) UV−vis spectrum of AgNSs-21b showing the plasmon band of AgNPs at λ = 434 nm and the
biferrocenium band at λ = 630 nm.
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10b). Repeated scanning does not change the CVs demonstrat-
ing that the modified electrodes are stable to electrochemical
cycling. However, the stability differs depending on the
polymer. The value of the full width at half-maximum
(fwhm) for polymers 9, 10, 14, and 18 is measured at a scan
rate of 100 mV/s (Table 3). For polymers 9, 10, and 14 the

ΔEfwhm are <99/n mV, suggesting the existence of attractive
interactions between the BiFc sites attached onto the electrode
surface.48 On the other hand for polymer 18 the ΔEfwhm is 115
mV showing that the biferrocenyl sites have repulsive
interactions on the electrode surface (Table 3).
The Pt electrodes that are modified with polymer 14 are the

most durable and reproducible ones, as no loss of electro-
activity is observed after scanning several times or after standing
in air for several days. In Figure 10a the modified electrode is
shown with polymer 14 (prepared upon adsorption after 35
cycles around the BiFc potentials) at various scan rates. The
intensity as a function of scan rate in Figure 10b shows the
expected behavior of an absorbed polymer. The surface
coverage of the electroactive biferrocenyl sites of the modified
electrode is Γ = 5.3 × 10−10 mol cm−2. Consequently, polymer
14 shows the best stability and electroactivity for fabrication of
Pt-modified electrodes, and it is further used for redox-
recognition studies.
The fabrication of stable modified electrodes in purely

aqueous solutions is a step toward redox recognition in water of
substrates of biological importance or of water pollutants.
Because of its strong polarity, however, water is responsible for

the decrease of electrostatic interactions and the unfavorable
hydrogen bonding between host and guest molecules. This
makes recognition in water much more difficult than in organic
solvent. The Pt-modified electrodes that are modified with
polymer 14 successfully provide both redox waves of the BiFc
units in water. The electrode is first checked in water
containing KNO3 as supporting electrolyte, and both redox
waves are observed herewith. The electrochemical reactions of
the adjacent BiFc moieties give rise to broad oxidation and
reduction CV waves giving a ΔE value for the first wave of 200
mV and the second one of 260 mV, suggesting a very slow
heterogeneous electron-transfer process with the electrode
surface. However, when NaCl is used as a supporting
electrolyte the situation changes. Both waves appear as well-
defined, well separated, and chemically and electrochemically
reversible under these conditions. The difference between
anodic and cathodic peak potentials is superior to 0.0 V, as in
such polar media as water the electron transfer becomes slower.
Last, the electrode does not lose its electroactivity until at least
six successive scans (Figure 11).

Redox Sensing Using Pt Electrodes Modified with Polymer
14 in Organic Media. Adenosine triphosphate (ATP) is an

Figure 10. (a) Modified Pt electrode of polymer 14 at various scan rates in a DCM solution containing only 0.1 M [n-Bu4N][PF6] as the supporting
electrolyte; (b) intensity as a function of scan rate; linearity shows the expected behavior of an adsorbed polymer.

Table 3. Compared Modified Electrodes with Polymers 9,
10, 14, and 18 after 20 ± 5 scans

compound ΔEfwhma (mV) Γ (mol cm−2)b nd
c

Poly 9 75 2.1 × 10−10 3
Poly 10 72 2.9 × 10−10 4
Poly 14 80 3.1 × 10−10 14
Poly 18 115 10.4 × 10−10 1

aValues of the full width at half-maximum. bSurface coverage of the
electroactive BiFc sites of the polymers. cNumber of days for which
the modified electrodes show no loss of electroactivity.

Figure 11. Voltammetric response of a platinum electrode modified
with polymer 14, measured in H2O/0.1 M NaCl; scan rate: 50 mV s−1.
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essential coenzyme that transports chemical energy within cells
for the metabolism. A Pt electrode modified with polymer 14
was used for the recognition of ATP in DCM solution
containing only [n-Bu4N][PF6] as the supporting electrolyte.
Indeed, addition of the adenosyl triphosphate salt [n-
Bu4N]2[ATP] provokes a splitting of the outer Fc CV wave
at 0.41 V. During titration the new wave is shifted at 120 mV
less positive potentials, signifying a rather strong interaction of
the outer Fc+ group with the ATP2− anion, which now makes
the oxidation of this Fc group easier than in the absence of
ATP. When excess of [n-Bu4N]2[ATP] is added, the initial
cathodic wave disapears and is replaced by the new wave
(Figure 12). However, electrochemical irreversibility is

observed, which is the sign of a strong structural rearrangement
involving supramolecular interactions (hydrogen bonding and
electrostatic interactions) in the course of the heterogeneous
electron transfer. In comparison, the hexafluorophate salt [n-
Bu4N][PF6] does not provoke any CV wave shift.
The most remarkable feature found with trzBiFc-terminated

dendrimers18b synthesized by CuAAC reaction is the selective
recognition in solution of anions by the outer Fc/Fc+ groups
and the recognition of transition-metal cations by the inner Fc/
Fc+ groups. Indeed, in this case, using the Pt electrode modified
with polymer 14, addition of the salt Pd(OAc)2 also provokes
the splitting of the wave of the inner Fc group, the new wave
appearing at 70 mV more positive potentials. This is due to the
coordination of the Pd2+ cation to the trz group attached to the
inner Fc group and the larger perturbation of this dicationic
BiFc group in the presence of another cation such as Pd2+ in
the electrochemical cell (see Supporting Information, S79).
Again in comparison, the addition of the noncoordinating tetra-
n-butyl ammonium salt [n-Bu4N][PF6] does not provoke any
CV wave shift.
Remarkably, modified Pt electrodes made with polymer 14

recognize both cations and anions in a selective way. The outer

Fc center recognizes the ATP anion in both DCM and water
solutions, and the inner Fc center recognizes the Pd cation.

Redox Sensing Using Pt Electrodes Modified with Polymer
14 in Aqueous Media. Recognition of the ATP anion using a
Pt-modified electrode with polymer 14 was also attempted in
an aqueous medium containing only NaCl as the supporting
electrolyte. Upon addition of [Na]2[ATP] the E1/2 of the outer
Fc/Fc+ wave shifts to 30 mV less positive potentials
(Supporting Information), a change that is less significant
than in organic media, as expected. The ΔE value between the
anodic and cathodic potentials for both waves (inner and outer
Fc/Fc+ groups) now becomes much larger (250 mV and 280
mV respectively). This is due to the binding of the ATP anions
to the polymer film provoking a strong structural reorganization
of the polymer that is attached to the electrode surface and
slows down the heterogeneous electron transfer. Last, the
intensity of the anodic peak of the second (inner Fc/Fc+ group)
wave decreases in the presence of the ATP anions, indicating
strong electrostatic interactions between the cationic biferro-
cenium groups and the trapped anions. The high electron
density around the ferrocenium centers caused by immobilized
inserted ATP anions may inhibit the reversible electrochemical
response of a fraction of the redox-active groups.

■ CONCLUDING REMARKS
The various syntheses of BiFc-containing polymers (ROMP,
radical type, polycondensation), their rich redox activity, and
the robustness of the cationic triazolybiferrocenium moiety
contrasting with the instability of triazolylferricenium open
multiple applications. AuIII and AgI are reduced to Au0 and Ag0

respectively by the BiFc units to mixed-valent biferrocenium
polymer-stabilized AuNPs respectively, AgNPs in which the
remarkable network formation and AuNP encapsulation are
controlled by the polymer design, in particular, by the location
in the polymer branches or in the polymer main chain of the
BiFc units. For instance, with BiFc groups in the side polymer
chains, rare interwining snake-shaped polymer networks
encapsulating AuNPs are characterized by TEM and AFM.
The roles of the trz ligand, electrostatic interactions, and inter-
BiFc group distance are crucial in network formation and AuNP
and AgNP stabilization. With BiFc groups in the polymer side
chains, the outer Fc groups are oxidized at less positive
potentials than the inner trzBiFc groups, which allows selective
anion (ATP2−) and cation (PdII) redox recognition in organic
solvents using Pt electrodes modified with the polymers, and
even to a lesser extent in water despite the strong competition
with the supramolecular interactions involving this strongly
polar solvent.

■ EXPERIMENTAL SECTION
General Data. See Supporting Information.
Compound 5. N-[4-Hydroxybutyl]-cis-5-norbornene-exo-2,3-di-

carboximide (425 mg, 1.8 mmol) and TsCl (343.6 mg, 1.8 mmol)
were dissolved in 30 mL of DCM. Then at 0 °C KOH (403.9 mg, 7.2
mmol) was added in small portions. The mixture was left stirring for 1
h at 0 °C and 10 h at r.t. Then 30 mL of distilled water was added, and
the organic phase was separated. The water phase was washed three
times with 15 mL of DCM, and the combined organic phases were
washed 3 times with 15 mL of water. The organic phase was dried over
Na2SO4 and filtered. The solvent was evaporated giving product 5 in
90% yield (668 mg). 1H NMR (CDCl3, 300 MHz), δppm: 7.74 and
7.31 (CH, 4H of Tos. group), 6.23 (CHCH, 2H), 3.97 (CH2-Tos,
2H), 3.37 (CONCH2, 2H), 3.20 (CHCON, 2H), 2.61 (CH2CH, 2H),
2.37 (CH3 of Tos group, 3H), 1.55 (CH2CH2CH2CH2−Tos, 4H),

Figure 12. Recognition of ATP2− with a Pt modified electrode with
polymer 14. (a) Modified electrode alone; (b) and (c) in the course of
titration (the second wave is not represented as scanning until more
positive potentials upon addition of ATP anions provokes instability of
the electrode); (d) with an excess of [n-Bu4N]2[ATP]. Solvent: DCM;
reference electrode: Ag; working and counter electrodes: Pt ; scan rate:
0.3 V/s ; supporting electrolyte: 0.1 M [nBu4N][PF6].
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1.42 and 1.14 (CH2CH, 2H).
13C NMR (CDCl3, 75 MHz), δppm:

177.98 (CO), 144.80 (OCq of Tos. group), 137.87 (CHCH),
132.99 (CH3Cq of Tos. group), 129.91 and 127.96 (CH of Tos.
group), 69.70 (CH2-Tos), 47.86 (CH2CH), 45.25 (CONCH2), 42.74
(CH2CH), 37.81 (CHCON), 26.38 (CH2CH2CH2CH2−Tos), 23.96
(CH2CH2CH2CH2−Tos), 21.55 (CH3 of Tos. group). ESI MS: Calcd:
412.45, found: 412.12. IR (KBr): 3065 cm−1 (C−H stretching),
1694 cm−1 (CO).
Compound 7. N-[4-Tosylatebutyl]-cis-5-norbornene-exo-2,3-dicar-

boximide 5 (650 mg, 1.6 mmol) was dissolved in 5 mL of DMSO in
which NaN3 (312 mg, 4.8 mmol) was added in small portions. The
mixture was left under vigorous stirring at r.t. for 2 days. Then 10 mL
of water and 5 mL of DCM were added in the solution. The organic
phase was separated, and the water phase was washed 3 times with
DCM. The combined organic phase was washed 10 times with 5 mL
of water in order to remove all the traces of DMSO. 1H NMR of N-[4-
azidobutyl]-cis-5-norbornene-exo-2,3-dicarboximide 6 (CDCl3, 300
MHz), δppm: 6.28 (CHCH, 2H), 3.47 (CH2-N3, 2H), 3.25 (4H,
CONCH 2 and CHCON) , 2 .66 (CH2CH , 2H) , 1 . 59
(CH2CH2CH2CH2− N3, 4H), 1.48 and 1.16 (CH2CH, 2H). IR of
N-[4-azidobutyl]-cis-5-norbornene-exo-2,3-dicarboximide (KBr): 3065
cm−1 (C−H stretching), 2097 cm−1 (-N3), 1698 cm−1 (CO). N-
[4-Azidobutyl]-cis-5-norbornene-exo-2,3-dicarboximide 6 (200 mg,
0.76 mmol) and compound 32 (359.4 mg, 0.91 mmol) were dissolved
in 20 mL of distilled THF. Then 3 mL of degassed water was added
into the solution, and the reaction mixture was cooled to 0 °C. Then,
an aqueous solution of CuSO4 1 M (1.1 equiv) was added dropwise,
followed by the dropwise addition of a freshly prepared solution of
sodium ascorbate (2.2 equiv). The color of the solution changed from
orange to dark red upon addition of sodium ascorbate. The reaction
mixture was allowed to stir for 16 h at r.t. under nitrogen atmosphere.
Then, the mixture of solvents was evaporated in vacuo, and 100 mL of
DCM was added, followed by the addition of an aqueous solution of
ammonia. The mixture was allowed to stir for 15 min in order to
remove the copper salt. The organic phase was washed twice with
water, dried over sodium sulfate, and filtered and the solvent was
removed in vacuo. Then the product was precipitated twice from a
DCM solution in pentane. Product 7 was obtained as an orange
crystalline powder. Yield: 97% (488 mg). 1H NMR (CDCl3, 300
MHz), δppm: 7.03 (trz, 1H), 6.26 (CHCH, 2H), 4.50 (CH2-trz, 2H),
4.21, 4.14, 4.10, 4.06, (Cp sub., 12H), 3.90 (Cp free, 5H), 3.49 (2H,
CONCH2), 3.25 (2H, CHCON), 2.66 (CH2CH, 2H), 1.53
(CH2CH2CH2CH2−trz, 4H), 1.47 and 1.18 (CH2CH, 2H). 13C
NMR (CDCl3, 75 MHz), δppm: 177.96 (CO), 145.33 (Cq of trz),
137.75 (CHCH), 119.36 (CH of trz), 85.39, 83.46, and 72.92 (Cq of
BiFc), 69.38, 69.19, 68.94, 67.51, 67.09, 66.10 (CH of BiFc) 47.85
(CH2CH), 45.13 (CONCH2), 42.74 (CH2CH), 37.61 (CHCON),
27.43 (CH2CH2CH2CH2−trz), 24.81 (CH2CH2CH2CH2−trz). IR
(KBr): 3090 cm−1 (C−H stretching), 1698 cm−1 (CO), 815
cm−1 (FeII). ESI MS: Calcd: 654.35, found: 654.14. UV−vis: λmax =
450 nm, εo = 500.4 L.cm−1 mol−1. Anal. Calcd for C35H34N4O2Fe2: C,
64.25; H, 5.24. Found: C, 64.12; H, 4.98.
Polymer 9. Compound 7 (60 mg, 0.09 mmol) was added into a

small Schlenk flask that was flushed with nitrogen and dissolved in 0.2
mL of dry DCM. Then, catalyst 8 (2.6 mg, 0.003 mmol) in 0.1 mL of
dry DCM was quickly added into the monomer solution under
nitrogen atmosphere with vigorous stirring. The reaction mixture was
vigorously stirred for 5 h, and then quenched with 0.2 mL ethyl vinyl
ether (EVE). The orange solid polymer 9 was purified by precipitation
in methanol twice and dried in vacuo (57 mg, 98% yield). 1H NMR
(CD2Cl2, 400 MHz), δppm: 7.22 and 7.16 (CH of trz), 5.75 and 5.55
(CHCH, 2H), 4.60 (CH2-trz, 2H), 4.30, 4.28, 4.19 (Cp sub. of
BiFc), 3.98 (Cp free of BiFc), 3.49 (CONCH2, 2H), 3.04 (CHCON,
2H), 2.69 and 2.09 (CH2CH, 2H), 1.86 and 1.61 (CH2CH2CH2CH2−
trz, 4H) and (CH2CH, 2H).

13C NMR (CD2Cl2, 75 MHz), δppm:
178.39 (CO), 145.31 (Cq of trz), 133.50 and 132.07 (CHCH),
119.85 (CH of trz), 85.73, 83.02, 77.06, 70.98 (Cq of Cp of BiFc),
70.98, 69.57 (CH of Cp free of BiFc) 69.35, 67.84, 67.47, 66.53 (CH
of Cp sub. of BiFc), 49.59 (CH2CH), 46.39 (CONCH2), 42.97
(CH2CH), 37.90 (CHCON), 26.33 (CH2CH2CH2CH2−trz), 26.29

(CH2-trz), 25.11 (CH2CH2CH2CH2−trz). IR (KBr): 3090 cm−1 (
C−H stretching), 1698 cm−1 (CO), 816 cm−1 (FeII). UV−vis: λmax
= 450 nm, ε = 15673,7 L.cm−1 mol−1. MALDI-TOF MS for
C6H6(C37H36N4O2Fe2)3C2H2Na: Calcd: 2168.3, Found: 2168.5. SEC:
PDI = 1.23. Dynamic light scattering (DLS): d = 14.3 ± 3 nm.

Polymer 10. Compound 7 (60 mg, 0.09 mmol) was added into a
small Schlenk flask that was flushed with nitrogen and dissolved in 0.2
mL of dry DCM. Then, catalyst 8 (1.3 mg, 0.002 mmol) in 0.1 mL of
dry DCM was quickly added into the monomer solution under
nitrogen atmosphere with vigorous stirring that was continued for 5 h.
The catalyst was quenched with 0.2 mL of EVE, and the orange solid
polymer 10 was purified by precipitation in methanol twice and dried
in vacuo (58 mg, 99% yield). 1H NMR (CD2Cl2, 400 MHz), δppm: 7.21
and 7.13 (CH of trz), 5.72 and 5.53 (CHCH, 2H), 4.55 (CH2-trz,
2H), 4.28, 4.27, 4.16 (Cp sub. of BiFc), 3.94 (Cp free of BiFc), 3.45
(CONCH2, 2H), 3.00 (CHCON, 2H), 2.67 and 2.06 (CH2CH, 2H),
1.82 and 1.56 (CH2CH2CH2CH2−trz, 4H) and (CH2CH, 2H).

13C
NMR (CD2Cl2, 75 MHz), δppm: 178.22 (CO), 145.14 (Cq of trz),
133.38 and 131.94 (CHCH), 119.58 (CH of trz), 85.08, 82.99,
76.72, 70.00 (Cq of Cp of BiFc), 69.39, 69.20 (CH of Cp free of BiFc)
68.99, 67.57, 67.34, 66.37 (CH of Cp sub. of BiFc), 49.32 (CH2CH),
46.03 (CONCH2), 45.87 (CH2CH), 37.59 (CHCON), 29.69
( CH 2 CH 2CH 2CH 2− t r z ) , 2 7 . 4 2 (CH 2 - t r z ) , 2 4 . 7 1
(CH2CH2CH2CH2−trz). IR (KBr): 3091 cm−1 (C−H stretching),
1698 cm−1 (CO), 816 cm−1 (FeII). . UV−vis: λmax = 450 nm, ε =
26 470 L·cm−1 mol−1. SEC: PDI = 1.21. DLS: d = 36.9 ± 7 nm;

Polymer 14. Azidomethylpolystyrene (13.4 mg, 0.084 mmol, 1
equiv) and ethynylbiferrocene 3 (36.0 mg, 0.091 mmol, 1.1 equiv)
were dissolved in distilled toluene under nitrogen. Then, 15% of the
catalyst 13, [CuItren(CH2Ph)6][Br], (11 mg, 0.013 mmol, 0.15 equiv)
was added. The mixture was left for 16 h at 50 °C. The orange
precipitate that was formed was washed twice with hot toluene and
solubilized in DCM. Evaporation of the solvent in vacuo gave the
polytriazolyl(biferrocenyl) methylstyrene 14 as an orange waxy
product (45 mg, 97% yield). 1H NMR (THF-d8, 300 MHz) δppm:
6.92 (CH of trz), 6.82, 6.32 (4H, CH of Ar of styrenyl), 5.41 (2H,
CH2-triazole), 4.71, 4.32, 4.16 (12H of Cp sub. BiFc), 3.92 (5H of Cp
BiFc), 1.62, 1.16 (CH and CH2 of polymer chain).

13C NMR (THF-
d8, 75 MHz) δppm: 145.00 (Cq of trz), 144.40 (Cq of Ar), 133.68 (Cq-
CH2 of Ar), 127.82 and 127.39 (CH of Ar), 120.76 (CH of trz) 85.36,
82.55, 77.57 (Cq of Cp sub. of BiFc), 69.77, 69.20, 68.96, and 67.57
(CH of BiFc), 52.92 (CH2-trz), 40.21 (CH and CH2 of polymeric
chain). SEC: PDI = 1.25. DLS: d = 11.9 ± 2 nm. IR (KBr): 3092 cm−1

(C−H vibration of Cp and trz) and 815 cm−1 (FeII). UV−vis: λmax =
455 nm, ε = 14896.6 L·cm−1 mol−1.

Polymer 18. 1.665 × 10−4 mol of 15 (74.9 mg, Mw = 450 g·mol−1)
and the same molar quantity of 17 (69.9 mg, Mw = 418 g·mol−1) were
introduced into a Schlenk flask with 2.8 mL of THF under nitrogen.
Then 3.33 × 10−4 mol of CuSO4, 5H2O (53.24 mg) were solubilized
in 1.8 mL of water and added in the reaction medium, and 6.66 × 10−4

mol of NaAsc (131.84 mg) was solubilized in 1 mL of water and added
dropwise to the reaction medium. The reaction was stirred at 40 °C
during 2 days, and an orange precipitate was observed on the wall of
the Schlenk flask. Then 1 mL of an ammonia solution (37% mol) was
added together with 5 mL of H2O and 5 mL of DCM. The solution
was stirred for 5 min, the organic phase was recovered, and the
aqueous phase was washed twice with 5 mL of DCM. The combined
organic phase was gathered, washed with H2O (3 × 5 mL), and dried
with Na2SO4. After concentration of the organic phase (1 mL), the
polymer was precipitated twice in 60 mL of Et2O. Then 113 mg of 18
were obtained (78% yield) as an orange solid film polymer. 1H NMR
(CDCl3, 400 MHz) δppm: 7.23 (2H, CH of trz), 4.48 (4H, Cp sub.),
4.43 (4H, −CH2trz), 4.09 (4H, Cp sub.), 4.04 (8H, Cp sub.), 3.83
(4H, -OCH2CH2trz), 3.57−3.60 (−OCH2CH2O of PEG400).

13C
NMR (CDCl3, 100 MHz), δppm: 145.2 (Cq of trz), 120.6 (CH of trz),
83.9 and 77.0 (Cq of Cp sub.), 70.7 (-OCH2CH2O of PEG400), 69.7
and 69.6 (CH of Cp sub.), 68.9 (-OCH2CH2trz), 67.7 and 67.4 (CH of
Cp sub.), 50.2 (−OCH2CH2trz). IR (KBr): 3121 cm−1 (C−H
vibration of Cp and trz) 1110 (C−O) and 819 cm−1 (FeII).
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Polymer 19. 1.196 × 10−4 mol of 16 (125.8 mg, Mw = 1052 g·
mol−1) and the same molar quantity of 17 (50 mg, Mw = 418 g·mol−1)
were introduced under nitrogen into a Schlenk flask together with 3
mL of THF. Then 1.53 × 10−4 mol of CuSO4, 5H2O (38 mg) were
solubilized in 1 mL of water and added in the reaction medium, and
4.75 × 10−4 mol of NaAsc (94 mg) was solubilized in 1 mL of water
and added dropwise to the reaction medium. The reaction was stirred
at 40 °C during 2 days, and an orange precipitate was observed on the
wall of the Schlenk flask. Then 1 mL of an ammonia solution (37%
mol) was added together with 5 mL of H2O and 5 mL of DCM. The
solution was stirred during 5 min, then the organic phase was
recovered, and the aqueous phase was washed twice with 5 mL of
DCM. The organic phases were gathered, washed with H2O (3 × 5
mL), and dried over Na2SO4. After concentration of the organic phase
(1 mL), the polymer was precipitated in 60 mL of Et2O, and 62.5 mg
was obtained as an orange-red paste (58% yield). 1H NMR (CDCl3,
200 MHz) δppm: 7.25 (2H, CH of trz), 4.54 (4H, Cp sub.), 4.44 (4H,
−CH2trz), 4.11 (8H, Cp sub.), 4.08 (4H, Cp sub.), 3.84 (4H,
OCH2CH2trz), 3.61−3.65 (−OCH2CH2O of PEG400).

13C NMR
(CDCl3, 100 MHz), δppm: 145.1 (Cq of trz), 120.5 (CH of trz), 83.9
and 76.3 (Cq of Cp sub.), 70.5 (-OCH2CH2O of PEG400), 69.4 and
69.3(CH of Cp sub.), 68.7 (-OCH2CH2trz), 67.4 and 67.2 (CH of Cp
sub.), 50.2. IR (KBr): 3092 cm−1 (C−H vibration of Cp and trz),
1109 (C−O) and 819 cm−1 (FeII).
AuNSs-9b. Polymer 9 [10 mg, 0.015 mmol (Mw monomer: 654 g·

mol−1), 1 equiv] was dissolved in 1 mL of DCM and added dropwise
at 0 °C into a stirring solution of HAuCl4·3H2O (2.0 mg, 0.005 mmol,
1/3 equiv) in 4 mL of methanol/DCM 3:1. The color immediately
changed from orange to deep green, stirring continued for another 30
min, and then the mixture was concentrated in vacuo to 3 mL and kept
in a closed Schlenk tube for 1 week (incubation time) giving
compound 9b. IR (KBr): 3098 cm−1 (C−H vibration of Cp and
trz), 834 cm−1 (FeIII) and 813 cm−1 (FeII). UV−vis: λmax = 535 nm.
TEM: 10.5 ± 1.5 nm.
AuNSs-10b. Polymer 10 [10 mg, 0.015 mmol (Mw monomer: 654

g·mol−1), 1 equiv] was dissolved in 1 mL of DCM and was added
dropwise at 0 °C in a stirring solution of HAuCl4 (2.0 mg, 0.005
mmol, 1/3 equiv) in 4 mL of methanol/DCM 3:1. The color
instantaneously changed from orange to deep green, and stirring was
continued for another 30 min. The mixture was concentrated in vacuo
to 3 mL and kept in a closed Schlenk tube for 1 week (incubation
time) giving compound 10b. IR (KBr): 3087 cm−1 (C−H vibration
of Cp and trz), 834 cm−1 (FeIII), and 815 cm−1 (FeII). UV−vis: λmax =
537 nm. TEM: 13.5 ± 1.5 nm.
AuNSs-14b. Polymer 14 [10 mg, 0.018 mmol (monomer Mw: 553

g·mol−1), 1 equiv] was dissolved in 1 mL of DCM and was added
dropwise, at 0 °C in a stirring solution of HAuCl4 (2.4 mg, 0.006
mmol, 1/3 equiv) in 4 mL of methanol/DCM 3:1. The color changed
instantaneously from orange to deep green, and stirring was continued
for another 30 min. The mixture was concentrated in vacuo to 3 mL
and kept in a closed Schlenk tube for 1 week (incubation time) giving
compound 14b. IR (KBr): 3093 cm−1 (C−H vibration of Cp and
trz), 844 cm−1 (FeIII), and 824 cm−1 (FeII). UV−vis: λmax = 531 nm.
TEM: 13.5 ± 1.5 nm.
AuNPs-14c. To the above solution of 14b was added 3 mL of

CH2Cl2. Then under N2 and vigorous stirring a solution of NaBH4 (1
mg, 0.027 mmol) in 2 mL of methanol was added dropwise. The color
immediately changed from green to deep red. The solution was stirred
for an additional 5 min, and then the product was immediately filtered.
The compound 14c precipitated (flocculation) in 10 min, but it is
again redissolved upon shaking, and this process is reversible. UV−vis:
λmax = 539 nm. TEM: 13.5 ± 1.5 nm.
AuNNs-18b. Polymer 18 [10 mg, 0.012 mmol (monomer Mw: 868

g·mol−1), 1 equiv] was dissolved in 1 mL of DCM and added dropwise
at 0 °C into a stirring solution of HAuCl4 (1.5 mg, 0.004 mmol, 1/3
equiv) in 4 mL of methanol/DCM 3:1. The color instantaneously
changed from orange to deep green, and stirring continued for another
30 min. The mixture was concentrated in vacuo to 3 mL and kept in a
closed Schlenk tube for 1 week (incubation time) giving compound
18b. IR (KBr): 3087 cm−1 (C−H vibration of Cp and trz), 834

cm−1 (FeIII) and 815 cm−1 (FeII). UV−vis: λmax = 534 nm. TEM: 12.0
± 1 nm.

AuNPs-20b. Polymer 20 [10 mg, 0.018 mmol (monomer Mw: 550
g·mol−1), 1 equiv] was dissolved in 1 mL of DCM and added dropwise
at 0 °C into a stirring solution of HAuCl4 (2.4 mg, 0.006 mmol, 1/3
equiv) in 4 mL of methanol/DCM 3:1. The color changed
instantaneously from orange to deep green, and stirring continued
for another 30 min. The mixture was concentrated by vacuum to 3 mL
and kept in a closed Schlenk tube for 1 week (incubation time) giving
compound 20b. UV−vis: λmax = 528 nm. TEM: 6 ± 1 nm.

AgNSs-21b. Polymer 14 [10 mg, 0.018 mmol (monomer Mw: 553
g·mol−1), 1 equiv] was dissolved in 1 mL of DCM and added dropwise
at 0 °C in a stirring solution of AgBF4 (3.5 mg, 0.018 mmol, 1 equiv)
in 4 mL of methanol/DCM 3:1. The color instantaneously changed
from orange to gray-purple, and stirring was continued for another 30
min. The mixture was concentrated in vacuo to 3 mL and kept in a
closed Schlenk tube for 1 week (incubation time) giving compound
21b. IR (KBr): 818 cm−1 (FeIII) and 808 cm−1 (FeII). UV−vis: λmax =
434 nm. TEM: 4 ± 1 nm.

CV Measurements. All electrochemical measurements were
recorded under nitrogen atmosphere. Solvent: dry DCM; temperature:
20 °C; supporting electrolyte: [n-Bu4N][PF6] 0.1 M; working and
counter electrodes: Pt; reference electrode: Ag; internal reference:
FeCp*2; scan rate: 0.200 V·s−1. The number of electrons involved in
the oxidation wave of the BiFc polymers was calculated using Bard’s
equation: np = (idp/Cp)/(idm/Cm)(Mp/Mm)

0.275 (see text).42 The
experiments were conducted by adding a known amount of each
polymer in 3 mL of dry DCM and a known amount of FeCp*2 in 2
mL of DCM. After the CVs were recorded, the intensities of the
oxidation waves of the polymers and of the internal reference
(FeCp*2) were measured. The values were introduced in the above
equation giving the final number of electrons (ne). The compared
modified electrodes were prepared by approximately 20 adsorption
cycles around the BiFc potentials on Pt electrodes. Their electro-
chemical behavior was checked in 5 mL DCM solution containing
only [n-Bu4N][PF6] 0.1 M at various scan rates: 25, 50, 100, 200, 300,
400, 500, and 600 mV/s. The modified electrodes used for redox
recognition were prepared using approximately 35 adsorption cycles
around the BiFc potentials on Pt electrodes. Their electrochemical
behavior was checked in 5 mL DCM solution containing only [n-
Bu4N][PF6] 0.1 M at various scan rates: 25, 50, 100, 200, 300, 400,
500, and 600 mV/s and in 5 mL H2O solution containing only [NaCl]
0.1 M. Redox recognition was conducted in two different ways: (a) the
CVs were recorded upon addition of [n-Bu4N]2[ATP] or Pd(OAc)2 to
an electrochemical cell containing a Pt modified electrode in DCM
and (b) the CVs were recorded upon addition of [Na]2[ATP] to an
electrochemical cell containing a Pt modified electrode in water.
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